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Scanning tunneling microscopy observations of a single-crystal Fe001 /MgO001 /Fe001
magnetic tunnel junction which shows a large tunnel magnetoresistance effect were performed.
Step-and-terrace structures of an epitaxial MgO barrier layer, which are very similar to surfaces of
a bottom Fe underlayer, were observed. This indicates that the MgO terraces were grown flatly on
each terrace of the Fe electrode. It is supposed that these atomically flat terraces enable a coherent
tunneling of electrons through magnetic tunnel junctions. © 2006 American Institute of Physics.
DOI: 10.1063/1.2170069I. INTRODUCTION
Magnetic tunnel junction MTJ is a key device for re-
alizing a magnetoresistive random access memory which is
thought to be the coming memory.1–3 Recently, MTJs which
show large tunnel magnetoresistance TMR effect at room
temperature have been reported.4–7 These MTJs are com-
posed of single-crystal or highly oriented MgO tunnel barri-
ers and ferromagnetic electrodes. The large tunnel magne-
toresistance effect is considered to be due to the coherent
tunneling of spin-polarized electrons thorough 001-oriented
MgO barriers. However, microscopic structures of the MgO
barriers and the electrodes in these prominent junctions have
not been clarified yet. It is expected that an investigation of
surface structures of tunnel barriers enables us to understand
and control coherent tunneling in MTJs with a MgO barrier.
In addition, an epitaxial growth of flat and extremely thin
ferromagnetic electrode on tunnel barriers will make it pos-
sible to fabricate another class of spintronic devices such as
spin-polarized resonant tunneling transistors.
Scanning tunneling microscopy STM is a powerful
tool for observing surface topology directly. Some studies on
STM observations of single-crystal MTJs using MgO barri-
ers have been reported;8,9 however, they were not on MTJs
showing high TMR ratios. Since surface structures are very
sensitive to growth processes, observations of MTJs using a
MgO barrier which offer very large TMR effect are an urgent
subject. In this paper, in situ STM observations of a single-
crystal Fe/MgO/Fe MTJ, which shows a large TMR ratio at
room temperature,6 were performed. Annealing effects of
MgO barriers and an initial growth of an Fe thin layer grown
on MgO barriers were also investigated.
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A molecular-beam epitaxy MBE method was em-
ployed for the growth of MTJs. All the layers were deposited
under the vacuum level lower than 1.010−9 Torr. First, a
seed layer of MgO001 was grown on a MgO001 substrate
to improve roughness of surface. Then, an Fe001 bottom
layer was deposited on the MgO001 seed layer and an-
nealed at 300 °C in the MBE chamber. The thickness of this
bottom electrode was set to be 500 Å. Reflection high-
energy electron diffraction RHEED observation was per-
formed after the growth of the Fe bottom layer to monitor
surface morphology. Then, three monolayer ML MgO001
barrier layer was grown on the bottom electrode at room
temperature. To study an annealing effect, the MgO barrier
was annealed at 300 °C for half an hour. Furthermore, an Fe
top layer with a nominal thickness of two MLs was depos-
ited at room temperature on the MgO barrier layer.
STM observations were performed using a commercial
UHV-STM Omicron VT-STM at room temperature under
the pressure below 1.010−9 Torr.10 A tungsten wire was
used as a STM chip, and surface topology was scanned under
a constant current mode. We could observe surfaces without
exposing samples to the air because the STM chamber is
linked to the MBE chamber under a ultrahigh vacuum.
III. RESULTS AND DISCUSSION
The epitaxial growth of the Fe001 bottom layer was
confirmed by streaks in a RHEED pattern as shown in Fig.
1a. A STM image of the Fe surface is shown in Fig. 1b,
and we can see many flat terraces. Plateaus of the structure
are linked to each other forming a network structure. We can
see rather smaller holes between the plateaus. A line profile
of the Fe surface was investigated to examine flatness, and
step-and-terrace structures were verified as shown in Fig.
1c. Step height was about 1.5 Å, and this value is very
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Depth of the holes was estimated to be less than four MLs.
We concluded that this surface is composed of atomic layers
of Fe, and this flatness enables the epitaxial growth of MgO
barrier layers.
Figure 2a shows a STM image of the MgO barrier just
after deposition. One can see step-and-terrace structures
similar to those of the Fe bottom electrode. Especially, the
network-and-hole structure remained unchanged before and
after the growth of MgO. Thus, we concluded that the sur-
face structure of the MgO is a replica of that of Fe bottom
layer and the thickness of the MgO barrier should be uniform
everywhere. A surface structure of the annealed MgO barrier
is shown in Fig. 2b. By annealing, connections of adjacent
terraces were promoted. It has been already reported that
MTJ with an annealed MgO barrier shows higher TMR ratio
than that with a nonannealed barrier.4,6 It is considered that
these atomically flat terraces enable a coherent tunneling of
electrons through the MTJ.
We also tried to grow a flat and extremely thin Fe film
epitaxially on the MgO barrier. A surface structure of two
ML Fe revealed the complete island-growth mode as shown
in Fig. 3a. Diameters of Fe islands range from 30 to 50 Å,
and it should be noted that relatively uniform islands in size
were formed. A density of islands was estimated to be about
9.61012/cm2. From a line scan as shown in Fig. 3b, we
can see a certain derivation of island heights. The three-
dimensional growth of Fe was observed also for two ML Fe
grown on Al–O barrier layers in our previous study.10 A
thicker Fe layer with a thickness of 100 Å forms a continu-
6
FIG. 1. a Reflection high-energy electron diffraction pattern after growth
of Fe bottom electrode with a thickness of 500 Å 110 azimuth. b STM
image of surface of Fe bottom electrode. Scan size is 1.01.0 m2. Sample
bias voltage and tunnel current are 0.3 V and 0.5 nA, respectively. c Line
profile of Fe bottom electrode.ous flat film; thus it is considered that the thickness of two
Downloaded 26 Mar 2010 to 130.34.135.83. Redistribution subject to MLs 2.8 Å is too small to form a continuous film under the
present condition. Ernult et al. have reported an epitaxial
growth of Fe nanoparticles on MgO tunnel barriers,11 and
they have also succeeded in aligning Fe particles along the
same crystallographic directions under an appropriate growth
procedure.12 To find more optimum condition is needed for
realizing an epitaxial growth of continuous Fe thin films.
IV. CONCLUSION
We investigated microscopic structures of a single-
crystal MTJ showing a large TMR effect by an in situ STM
technique. Atomic steps of a bottom Fe layer were found,
and structures of the steps remained even after the deposition
FIG. 2. a STM image of surface of MgO barrier layer with a thickness of
three MLs grown on Fe bottom electrode. Scan size is 1.01.0 m2.
Sample bias voltage and tunnel current are 1.5 V and 2.0 nA, respectively.
b STM image of surface of MgO barrier layer after annealing at 300 °C
for 30 min. Scan size is 1.01.0 m2. Sample bias voltage and tunnel
current are 1.5 V and 2.0 nA, respectively.
FIG. 3. a STM image of Fe top layer with a thickness of two MLs grown
on MgO barrier layer. Scan size is 0.050.05 m2. Sample bias voltage
and tunnel current are 2.0 V and 0.5 nA, respectively. b Line profile of Fe
top layer.
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formed flat film, which surely leads to a coherent transport of
conductive electrons. The growth of two monolayers of Fe
on the MgO layer showed the island-growth mode, and di-
ameters of Fe islands were evaluated to be between 30 and
50 Å by a STM image.
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